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An Upgrade Proposal from the PHENIX Collaboration
November 19, 2014

nucl-ex/1501.06197 

• Goal: quantitative understanding of the QCD medium over a range of 
length scales and temperatures 

• Reference design developed to demonstrate access to the physics 
➡ often, in response to guidance received by DOE Review Committee
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The Hadronic Calorimeter Detector Concept

Figure 3.7: Cross section of sPHENIX. The outer hadronic calorimeter surrounds the solenoid cryostat.

Figure 3.8: Scintillating tiles in the sampling gap of sPHENIX hadronic calorimeter, showing the
transverse segmentation into elements 0.1 units of pseudorapidity wide.

fin thickness. The gaps between the iron plates are 8 mm wide and contain individually wrapped
7 mm thick scintillating tiles with a diffuse reflective coating and an embedded wavelength shifting
fiber which traverses the entire tile, entering and exiting on the same edge. The slight tilt and
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more and more sensitive to mesoscopic, fluid-scale excitations in the medium. At the same time,
the medium is populated with heavy quarkonia whose physical size and temperature sensitive
coupling to the medium provide precisely locatable probes of the medium in this space. At the
longest scales, one sees the well-established hydrodynamic behavior of the medium with minimal
specific shear viscosity, the so-called perfect liquid. The sPHENIX detector will be able to measure
jets, b-tagged jets, photons, charged hadrons and their correlations over a wide range of energies,
and it will also have mass resolution sufficient to separately distinguish the three states of the
Upsilon family. These capabilities will enable us to map out the dynamics of the QGP across this
space and address the fundamental questions posed above.

To pursue these physics questions we are proposing an upgrade consisting of a 1.5 T superconduct-
ing magnetic solenoid of inner radius 140 cm with silicon tracking, electromagnetic calorimetry,
and hadronic calorimetry providing uniform coverage for |h| < 1. The sPHENIX solenoid is an
existing magnet developed for the BaBar experiment at SLAC, and recently ownership of this key
component was officially transferred to BNL. An engineering drawing of the sPHENIX detector
and its incorporation into the PHENIX interaction region are shown in Figure 2.

Figure 2: An engineering drawing of sPHENIX, showing the superconducting solenoid containing
the electromagnetic calorimeter and surrounded by the hadronic calorimeter, with a model of the
associated support structure, as it would sit in the PHENIX IR.

The sPHENIX plan has been developed in conjunction with the official timeline from BNL manage-
ment. The expectation is for RHIC running through 2016, a shutdown in 2017, RHIC running for
the increased luminosity beam energy scan in 2018–2019, a shutdown in 2020, and RHIC running
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Reference design

Reference design  
• |η|<1, Δɸ=2π 
• BaBar magnet, 1.5 T 
• reconfigured pixel + new        

large area strip detector to 
measure charged particles 

• EMCal to measure photons & 
electrons 

• Inner+Outer HCal to measure jets
3
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Jets 
unbiased & over a wide  

kinematic range
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• High-statistics, differential jet measurements over a wide kinematic range  
➡ measure at low-pT (control fakes / resolution)  
➡ measure at high-pT (capitalize on rate / triggering) 

• Measure in pT regions unavailable to LHC, while providing crucial overlap 
➡ differential measurements vs. centrality, reaction plane, etc…

Jet physics program

G. Roland, QCD Town Hall

sPHENIX
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• Jet reconstruction & ATLAS-style background subtraction w/ segmented 
hadronic calorimeter 
➡ successful separation of real jets from HI UE background, with 

additional rejection techniques extending pT range 
➡ resolution on measured jet energy minimizes systematic uncertainties 

• Other options (“particle flow”, statistical UE jet subtraction) also being 
explored

Physics Performance Extended kinematics and surface bias engineering

surface bias — as proposed by Renk [98] and shown earlier in Figure 1.24.

One can also incorporate electromagnetic clusters, which provide additional input to the alternate
jet reconstruction. The electromagnetic clusters and tracks have the same minimum energy cut
and are then input to the FASTJET algorithm. Figure 4.22 shows the jet purity for different jet radii
R = 0.2, 0.3, 0.4, 0.5 with a nominal track + electromagnetic jet match requirement (ET > 7 GeV for
the match jet, ET > 3 GeV for the electromagnetic cluster and charged track) in central Au+Au
events. The results are very good and indicate that even R = 0.5 jets can be reconstructed in
the most central Au+Au events. The effects of the underlying event on jet observables are most
severe in central Au+Au events, and these results demonstrate the dramatically increased range
for jet reconstruction in mid-central Au+Au collisions, where significant jet quenching effects
have already been measured including the theoretically challenging high pT hadron azimuthal
anisotropy.
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Figure 4.22: Purity results for R = 0.2, 0.3, 0.4, 0.5 anti-kT calorimetric reconstructed jets in 0–10%
central Au+Au HIJING events. The dashed lines are without any track and electromagnetic cluster
jet match requirement and the solid lines are with the match requirement. The purities are significant
higher for mid-central collision geometries.

sPHENIX will be also able to reproduce existing jet measurements at RHIC, complete with the
biases inherent in the various techniques used to date. However, the wider capabilities of sPHENIX
will enable us able to do more than merely confirm earlier results. We will be able to place those
results along a spectrum of bias and to study the effect on the jet observables of the alteration or
removal of that bias.

Figure 4.23 shows a preliminary result from the STAR collaboration of AJ for jets in events triggered
on the presence of a single EMCal tower above 5.4 GeV. The left panel shows AJ for R = 0.2 jets; the
right for R = 0.4 jets. When a cut of pT > 2 GeV/c is placed on the constituents, there is a distinct
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Physics Performance Fragmentation Function and Photon-Jet Observables

4.6 Fragmentation Function and Photon-Jet Observables

Measurements that probe the redistribution of energy within the parton shower directly are an
important class of observables for understanding the underlying dynamics of jet quenching. This
redistribution may take place both along the parton direction, such as may be measured through the
modification of longitudinal fragmentation functions in Au+Au collisions, and transverse to the
parton direction. The capability of the sPHENIX detector and the high statistics provided by RHIC
will allow for measurements of the two-dimensional distribution of energy to be measured and
compared between p+p, p(d)+Au, and Au+Au collisions. Such measurements take advantage
of the fully calorimetric jet and photon observables in tandem with the measurement of charged
hadrons by the precision tracking capabilities.

Figure 4.24: Demonstration of the sPHENIX capabilities for measuring the inclusive jet fragmentation
function, D(z), for pT > 40 GeV/c jets. The original “truth” distribution is shown in red, while the
reconstructed level distribution is shown in the blue dashed line. The reconstructed level distribution
is corrected for detector effects to give the unfolded quantity shown in blue stars.

Figure 4.24 shows the results of a fast simulation of the sPHENIX measurement capabilities for
the inclusive jet fragmentation function for high-pT jets. This figure compares the truth-level
D(z) quantity with the measured, detector-level D(z) which incorporates the effects of a fast
parameterized detector response on the jet and hadron pT. Due to the finite momentum resolution
in both cases (and, in the case of the jet, the upfeeding from the underlying event fluctuations), the
reconstructed-level D(z) is generally shifted towards lower values at fixed z. The reconstructed
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Figure 4.21: The effect of smearing on AJ for R = 0.3 jets. The left panel shows the effect of smearing
on the ratio determined from jets reconstructed after embedding in Au+Au events. Although smeared,
the reconstructed data still show a distinct difference between the quenched and unquenched results.
The right panel shows the results of the “unfolding” procedure discussed in Section 4.3.2.

the p+p case where the smearing of the trigger jet is taken as the dominant effect recovers most of
the original distribution, as shown in the lower panel of Figure 4.21. Again, this does not replace
a full unfolding procedure, but it does show that the reconstruction is well under control and
unfolding will be possible despite the presence of a large fluctuations in the underlying event, after
baseline and flow subtraction.

4.5 Extended kinematics and surface bias engineering

Thus far we have documented a range of jet energy, radius, and collision centralities over which
inclusive jets dominate above backgrounds and provide clean measurements of RAA and AJ for
example. One can significantly extend the jet radius to larger values and energies to lower values
through various fake jet rejection methods including matching to track jets, identification of indi-
vidual particle energies in the jet (e.g. tracks or clusters) and setting minimum energy thresholds,
jet shape cuts, and more. As we demonstrate here, sPHENIX will have the full complement of these
methods available (thus having complementary overlap with existing STAR jet observables). All of
these rejection methods present a bias on the jet sample that often anti-correlates with the expected
modification in the quark-gluon plasma medium.

Experiments have employed fake jet rejection cuts to substantially extend the high purity jet energy
range accessible in central heavy ion collisions — for example see Refs. [11, 89]. With the sPHENIX
detector we can utilize track + electromagnetic jets matched to fully calorimetric jets in a similar
fashion. In addition to extending the measurable jet energy range to lower energies, for energies
with high purity without any selection one can turn this method into a powerful tool to engineer the
degree of jet surface emission. For example, in the sample of 105 jets with R = 0.4 and ET > 40 GeV,
we can measure a high purity sample of reconstructed jets in central Au+Au collisions. We can
then dial in the required track + electromagnetic cluster jet characteristics to achieve a particular
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4.4.3 Inclusive Jet Yield in Au+Au Collisions
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Figure 4.19: Effect of smearing the inclusive jet spectrum in Au+Au collisions. The jets found by
FASTJET are smeared by the jet resolution contributions from the detector and the underlying event
fluctuations. The unfolded spectrum from the Iterative Bayes method is shown and the ratio of the
unfolded to the true pT spectrum (lower panel).

The inclusive jet spectrum is the most important first measurement to assess the overall level of
jet quenching in RHIC collisions. The results shown in Figure 4.19 were obtained by the very fast
simulation approach described above. PYTHIA was used to generate events and the final state
particles were sent to FASTJET in order to reconstruct jets. The resulting jet energy spectrum was
smeared by the jet resolution determined for p+p collisions from GEANT4, and an additional
smearing by the underlying event fluctuations (determined from the full 0–10% central HIJING fast
simulation). Finally, an unfolding procedure was used to recover the truth spectrum. The ratio
shown at the bottom of the plot shows that the unfolding is very effective.

As an estimate of the uncertainties on a jet RAA measurement from one year of RHIC running, the
uncertainties from Figures 4.6 and 4.19 are propagated and shown in Figure 4.20. For ET < 50 GeV
the point to point uncertainties are very small. Also shown is an estimated systematic uncertainty
including the effects from unfolding. All points are shown projected at RAA = 1, and we show for
comparison the predicted jet RAA including radiative and collisional energy loss and broadening
from Ref. [102].

4.4.4 Dijets in Au+Au collisions

Fake jets contaminate dijet observables much less than they do the inclusive jet measurement. In
the case of inclusive jets, one is working with a sample of 1010 central Au+Au events in a typical
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Jets: rate

• Latest projected luminosity for 22 weeks Au+Au physics run:           
0.1 trillion minimum bias Au+Au events with |zvtx| < 10cm 
➡ large untriggered sample reduces biases and systematics 
➡ 0.6 trillion w/ mild triggering and no zvtx requirement 

• Existing PHENIX DAQ infrastructure samples 15kHz at Level-1 
➡ extension of kinematic range far beyond existing RHIC 
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Rates and DAQ Detector Concept

3.8 Rates and DAQ

A critical aspect of the sPHENIX detector is the ability to collect large data samples for high statistics
jet and upsilon measurements. The Collider-Accelerator Division (C-AD) has updated their RHIC
Collider Projections as documented in Ref. [145]. For Au+Au collisions at 200 GeV, in the years
2021-2022, store luminosities in excess of 150 ⇥ 1026 cm2s�1 are expected. They project that 35% of
those interactions will take place within the select z-vertex range |z| < 10 cm. These projections
represent an increase in delivered luminosity more than a factor of two above the 2014 Au+Au
achieved average numbers. The interaction rate as a function of time-in-store from these projections
is shown in Figure 3.29.
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Figure 3.29: (Left) Projections of instantaneous luminosity versus time in store for Au+Au at 200 GeV.
(Right) Projections of average luminosity, as a function of the integration range around the nominal
interaction point. In both plots, the effect of the 56 MHz RF system is apparent.

The backbone of the PHENIX data acquisition system, which is the basis of the sPHENIX system, is
the fully pipelined and so-called “dead-timeless” Global Level-1 Trigger system and Granule Timing
architecture. The design limits the maximum Level-1 Trigger accept rate to 25 kHz. Currently the
PHENIX silicon pixel layers (VTX) are planned for re-use in the inner sPHENIX tracker. Tests show
that rate above 15 kHz are achievable with the current VTX electronics with data transmission to
the Data Collection Module II boards with a modest growth in occupancy at higher luminosity. A
Level-1 Trigger accept rate of 15 kHz for the reference design of the entire system is a good match
to the delivered luminosities from the C-AD projections. This would allow the recording without
any additional trigger bias of more than half of all collisions within |z| < 10 cm at the very highest
luminosities. At these highest luminosities, many of the rarest probes can be sampled with more
selective Level-1 triggers, as detailed in Section 3.9.

Thus, for a 22 week physics running period of Au+Au at 200 GeV, sPHENIX with an uptime of
80%, would record 100 billion minimum bias events with |z| < 10 cm. More selective triggers could
sample slightly less than a factor of two more events again within |z| < 10 cm. For observables
not requiring the inner silicon tracking which has the more restrictive coverage, one would utilize
collisions over the much larger range |z| < 30 cm, and sample with selective Level-1 triggers 0.6
trillion events. As detailed in Section 3.9, direct photons and purely calorimetric high energy jets
would be able to utilize the full 0.6 trillion events.

The luminosity in p+p collisions is limited by the beam-beam tune shift, which will be reduced by
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Jets: trigger
Detector Concept sPHENIX Triggering

non-trivial jet ET dependence and reaches only e ⇡ 85–90% even for ET = 35 GeV jets. Furthermore,
a systematic difference can be observed between quark– and gluon–initiated jets. Thus, wide-area
jet patch triggers utilizing both calorimeters can most efficiently select an unbiased set of jets.
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Figure 3.31: Rejection factor for minimum bias p+p events using GEANT4 simulated calorimeter-
based triggers, as a function of the minimum ET trigger requirement. Results are shown for requiring
this amount of energy in Dh ⇥ Df = 0.4 ⇥ 0.4 (black line), 0.6 ⇥ 0.6 (red line) and 0.8 ⇥ 0.8 (blue line)
calorimeter regions.

Figure 3.31 shows the rejection factor (the inverse of the fraction of events which fire the trigger)
for minimum bias p+p events of various electromagnetic and hadronic calorimeter jet patch trigger
schemes. The rejection factor is shown for three choices of sliding window size and as a function of
the minimum required transverse energy. The figure demonstrates that a minimum energy can be
chosen to give rejection factors larger than 103, which will be necessary in high-luminosity p+p and
p(d)+Au running.

Taken together, the results in Figures 3.30 and 3.31 demonstrate that jet patch style triggers in
sPHENIX will be sufficient to sample an unbiased set of jets down to low ET while still providing
the large rejections needed for high-luminosity running.

The performance of possible electron triggers for selecting di-electron U decays in high-luminosity
p+p running in sPHENIX has also been investigated. These triggers are based on energy sums
in the electromagnetic calorimeter, and have been examined with a GEANT4 simulation of the
calorimeter response. For this study, electrons with an energy equal to half the nominal U(1S)
mass, Ee± = 4.7 GeV, were generated, since this is the lowest possible energy of the highest-
energy electron in the decay of an at rest (pT = 0) Upsilon. Thus, a successful trigger strategy for
Ee± = 4.7 GeV electrons is sufficient for all other U decay topologies where both electrons are within
the sPHENIX acceptance. The electromagnetic calorimeter towers of size Df ⇥ Dh = 0.025 ⇥ 0.025
were collected into sliding tower windows made from 2 ⇥ 2 and 3 ⇥ 3 blocks of these towers,
and a 4 ⇥ 4 block made from sliding windows over the 2 ⇥ 2 tower blocks. The total energy (not
transverse energy) in the electromagnetic calorimeter was considered. For each window size, the
distribution of largest energy sums in minimum bias PYTHIA events were used to determine the
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Upsilons 
with high statistics and  
good mass resolution



Upsilon physics

• Upsilon states probe the medium at multiple (thermal) scales 
➡ similar nPDF effects and comparable yields 
➡ minimal recombination at RHIC & LHC 

• At the LHC: suppressed ϒ(1S), but even stronger effects for forward ϒ(1S) 
and central ϒ(2S),ϒ(3S) 
➡ crucial lever arm provided by sPHENIX to understand color screening
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Figure 2: Centrality dependence of the double ratio (left) and of the nuclear modification fac-
tors (right) for the U(1S) and U(2S) states. The relative uncertainties from Npart-independent
quantities (pp yields and, for the RAA, also integrated luminosity) are represented by the boxes
at unity, and are not included in the data points as these uncertainties do not affect the point-
to-point trend. The event centrality bins used are indicated by percentage intervals. The results
are available in tabulated form in App. A.

ratios

U(2S)/U(1S)|PbPb
U(2S)/U(1S)|pp

= 0.21 ± 0.07 (stat.)± 0.02 (syst.) , (2)

U(3S)/U(1S)|PbPb
U(3S)/U(1S)|pp

= 0.06 ± 0.06 (stat.)± 0.06 (syst.) (< 0.17 at 95% CL) .

The systematic uncertainties from the fitting procedure are evaluated by varying the fit func-
tion as follows: fixing the CB tail and resolution parameters to MC expectations, allowing
for differences in these parameters between PbPb and pp, and constraining the background
parameters with the like-sign and track-rotated spectra. An additional systematic uncertainty
(1%), estimated from MC simulation, is included to account for possible imperfect cancellations
of acceptance and efficiency.

The double ratios, defined in Eq. (2), are expected to be compatible with unity in the absence of
suppression of the excited states relative to the U(1S) state. The measured values are, instead,
considerably smaller than unity. The significance of the observed suppression exceeds 5 s.

In order to investigate the dependence of the suppression on the centrality of the collision,
the double ratio U(2S)/U(1S)|PbPb

U(2S)/U(1S)|pp
is displayed as a function of Npart in Fig. 2 (left). The results

are constructed from the single ratio U(2S)/U(1S)|PbPb measured in bins of PbPb centrality,
using the pp ratio as normalization. The dependence on centrality is not pronounced. More
data, in particular more pp collisions, are needed to establish possible dependences on dimuon
kinematic variables.

Absolute suppressions of the individual U states and their dependence on the collision central-
ity are studied using the nuclear modification factor, RAA, defined as the yield per nucleon-

RAA = 0.06 
for ϒ(3S)  

not shown!

nucl-ex/1208.2826

The Physics Case for sPHENIX Beauty Quarkonia in the QGP

Figure 1.46: Temperature as a function of time for the central cell in Au+Au and Al+Al collisions
at 200 GeV and Pb+Pb collisions at 2.76 TeV from hydrodynamic simulations that include earlier
pre-equilibrium dynamics and post hadronic cascade [69]. Superimposed are the lattice expected
dissociation temperatures with uncertainties for the three upsilon states.

Figure 1.47: Calculations for Upsilon state suppression at RHIC and LHC energies as a function of
collision centrality. The current state of measurements are also shown from PHENIX and CMS.
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Upsilons: mass resolution

• Target: mass resolution of <100 MeV in pp collisions 
➡ allows clean separation of Upsilon states 

• Achieved by optimizing tracking configuration: 
➡ low mass, to minimize Bremsstrahlung tails 
➡ large-radius layers to improve momentum resolution

Physics Performance Beauty Quarkonia Performance
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Figure 4.44: The mass spectrum (signal only) from reconstructed electron decay tracks for the three
Upsilon states combined. The yield corresponds to that for 10 weeks of p+p running, including the
effects of electron identification efficiency and trigger efficiency.

including a fit using a Crystal Ball function that accounts for the radiative tail contribution at
low invariant mass [187]. This example spectrum contains the number of Upsilons expected in
10 weeks of p+p running. There are significant low mass tails on the Upsilon mass peaks due to
radiative energy loss in the material of the silicon tracker. However at the mass resolution of 99
MeV obtained with the reference design, and the relatively low thickness of the tracker (about 10%
of a radiation length), the peaks are well defined and easily obtained from the Crystal Ball fit.

In p+p, p+Au and Au+Au, the background under the Upsilon peaks contains an irreducible
physics background due to dileptons from correlated charm, correlated bottom and Drell-Yan.
There is also combinatorial background from misidentified charged pions. The latter can be
estimated and removed by like sign or mixed event subtraction. To study the physics background,
correlated charm and bottom di-electron invariant mass distributions predicted by PYTHIA were
normalized to the PHENIX measured charm and bottom cross-sections in Au+Au collisions. The
PYTHIA Drell-Yan di-electron invariant mass distribution was normalized to a theoretical prediction
by W. Vogelsang (private communication).
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Figure 4.45: (Left) The signal plus background in the Upsilon mass region for ten billion 0–10% central
Au+Au events, assuming a pion rejection factor of 90, with the signal reduced by a pair identification
efficiency of 49%. The combined backgrounds due to correlated bottom, correlated charm, and
Drell-Yan are shown as the red curve. The combined backgrounds due to fake electrons combining
with themselves, bottom, and charm are shown as the blue line. (Right) The expected invariant
mass distribution for ten billion 0–10% central Au+Au events, after subtraction of combinatorial
background using the like-sign method. The remaining background from correlated bottom, charm
and Drell-Yan is not removed by like sign subtraction. It must be estimated and subtracted.

The combinatorial background was studied by generating events with fake electrons due to misiden-
tified pions, using input pion distributions taken from PHENIX measured p

0 spectra in Au+Au
collisions. A pT-independent rejection factor was applied to the p

+/� spectra to imitate fake
electron spectra. For the 0–10% most central Au+Au collisions a rejection factor of 90 is assumed
at a single electron track efficiency of 70% (giving a pair efficiency of 49%). The pair efficiency is
increased to 90% as Au+Au collisions become more peripheral. The combinatorial background
due to misidentified pions is assumed here to be zero in p+p collisions, with an electron matching
efficiency of greater than 90%. The rejections in central Au+Au collisions are derived from GEANT4
studies of the electromagnetic calorimeter response to electrons and charged pions. The efficiencies
are obtained by embedding electrons in HIJING events. The rejection and efficiency are still being
optimized for the detector configuration relevant for electron identification.

All combinations of fake electrons from misidentified pions were made with each other, and with
high pT electrons from physics sources. The combinatorial background is found to be dominated
by pairs of misidentified pions, with only 30% or so coming from combinations of misidentified
pions with electrons. The results are summarized in Figure 4.45 (left), which shows the signal
+ background in the U mass region for the ten billion 0–10% most central events, along with
our estimates of the total correlated physics background and the total uncorrelated combinatoric
backgrounds. In Figure 4.45 (right) we show the di-electron invariant mass distribution for ten
billion 0–10% central Au+Au events after the combinatorial background has been removed by
subtracting all like-sign pairs.
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Upsilons: triggersPHENIX Triggering Detector Concept
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Figure 3.32: Rejection factor and efficiency for an electron trigger which requires some minimum
amount of energy in a region of the electromagnetic calorimeter (SE). Results are shown for a full
GEANT4 simulation of the detector response. The rejection factor for minimum bias p+p events (black
lines) and the efficiency for Ee± = 4.7 GeV electrons (red lines) are plotted as a function of the required
energy SE. The solid and dashed lines show the results for trigger schemes in 2 ⇥ 2 and 4 ⇥ 4 EMCal
windows.

rejection factors for the trigger.

Figure 3.32 summarizes the performance of such an electron trigger by simultaneously plotting the
rejection factor for minimum bias events and efficiency for Ee± = 4.7 GeV electrons as a function of
the minimum energy required in the electromagnetic calorimeter tower windows. In particular, the
vertical gray band in the figure at SE = 4 GeV, gives an example of a choice of minimum threshold
energy in 4 ⇥ 4 windows for which the rejection factor is ⇡ 5 ⇥ 103 while maintaining an electron
efficiency of 98%. This demonstrates the feasibility of an electron trigger for the Upsilon program
in high-luminosity p+p data-taking.

The reference design for the calorimeter digitizers have digitization available on every crossing for
triggering, and transmission of data to a Level 1 trigger board capable of making trigger decisions
such as shown in 3.33 is being included from the beginning. The digitizer electronics is being
designed with the capability of transmitting data from every channel with reduced precision, or
2 ⇥ 2 sums as trigger primitives which can be used in more complex trigger algorithms running in
FPGA-based trigger boards similar to trigger boards developed for the PHENIX muon trigger. The
segmentation of the electronics and the detector matches well the need for 2 ⇥ 2 or 4 ⇥ 4 digital
sums. Cost and complexity, and the need for higher speed encoding and decoding of trigger data
are being considered in the overall system design.

We have extended these p+p trigger studies to minimum bias p+Au collisions where we also
require selective physics based triggers. Shown in Figure 3.34 are the rejection factors as a function
of EMCal trigger threshold (left) and the rejection factors as a function of the total calorimeter
jet patch trigger threshold (right) for different patch sizes. The calculations are carried out with
HIJING simulated minimum bias p+Au events run through the full GEANT4 response chain. The
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Figure 4.47: Estimate of the yields expected for the three U states as a function of pT from a 10 week
p+p run.
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Figure 4.48: Estimate of the statistical precision of a measurement of RAA versus pT for the U states
using sPHENIX, for the most central 0–10% of events. The left panel shows the result if there is no
suppression, the right panel shows the result assuming that the measured RAA is equal to the theory
results in [188]. The yields assume 100 billion recorded Au+Au events.
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Figure 4.46: Estimate of the statistical precision of a measurement of the U states in Au+Au colli-
sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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• Solution: minimum energy in 2x2 or 4x4 sliding                                            
window of Δη⨉Δɸ=0.025⨉0.025 EMCal towers 
➡ sufficient trigger efficiency for E=4.7 GeV                                             

electrons, with high rejection in p+p 
• Allows detailed measurements of RAA vs. Npart, pT, y

RAA vs. Npart

RAA vs. pT
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• Electron identification & charged pion rejection from: 
➡ matching track momentum to EMCal cluster energy  
➡ and veto on the presence of inner HCal energy 

• For 4 GeV electrons, 100:1 rejection with 95% efficiency (p+p) and 
70% efficiency (central Au+Au)

Electron Identification Detector Concept

3.7 Electron Identification

For the beauty quarkonia measurements (further discussed in Section 4.11), the electron track
candidates from the decayed Upsilon are identified using a combination of the electromagnetic
calorimeter (EMCal) and the inner hadron calorimeter (Inner HCal). The main backgrounds to
reject are the hadron tracks, which produces a continuous background under the Upsilon invariant
mass peaks (as simulated in Figure 4.45). To reject this background, an EMCal energy matching
with the track momentum and a leaked energy veto in the Inner HCal are used. By simulating the
full calorimeter system in GEANT4, the electron identification (eID) efficiency was studied against
pion rejection for p+p and central Au+Au events.

In p+p collisions, the underlying event activity is low within the shower size in the calorimeter.
Therefore, the eID performance is studied using single track simulations as shown in Figure 3.27.
In this study, single events containing an electron or negatively charged pion shower are simulated
in the full calorimeter system using GEANT4. The cluster is built around the initial track projection
for each layer of the calorimeters, which roughly corresponding to the size of 3 ⇥ 3 towers in that
layer.
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Figure 3.27: Electron ID efficiency versus pion rejection near central rapidity (|h| < 0.2) for a GEANT4
simulation of single particles of 2 (green), 4 (blue) and 8 (Red) GeV/c in the total momentum. The
vertical gray band highlights the proposed eID cut for p+p events, which corresponds to 95% single
electron ID efficiency.

The electron track candidate is identified using a two-dimensional likelihood analysis based on
both EMCal and Inner HCal cluster energies. The usage of the Inner HCal information improves
the rejection by roughly a factor of two and the cut value is around the level of 250 MeV (about
1 MIP) at 90% eID efficiency. The average momentum for Upsilon-decayed electron is between the
blue (p = 4 GeV/c) and red curve (p = 8 GeV/c), which corresponds to better than 100:1 pion
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Detector Concept Electron Identification

rejection for 95% electron efficiency.

In central Au+Au collisions, the underlying event fluctuation is quite significant within the electron
shower clusters. Therefore, eID becomes more challenging. Nevertheless, the eID performance
is quantified for the most challenging environment of the central 0–10% Au+Au collisions, by
embedding the above single-track candidates into the full event HIJING and GEANT4 simulations.
Comparing to the EMCal, the Inner HCal picks up significant amount of background energy due
to its large cluster area size. Therefore, eID in this study is based on the EMCal cluster energy
only, which is matched against the sum of the expected electron track and the average background
energy.

The efficiency-rejection curves for three typical momentum are calculated again based on
momentum-dependent likelihood analysis of EMCal cluster energies, as shown in Figure 3.28. For
p = 4 GeV/c tracks (blue curves), as a conservative estimation for the average momentum tracks
for Upsilon-decayed electron candidates, the pion rejection is roughly 100:1 at 70% of electron
efficiency as highlighted by the gray vertical line.
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Figure 3.28: After embedding into 0–10% central HIJING event, the electron ID efficiency versus pion
rejection in the central rapidity (|h| < 0.2) for particles of 2 (green), 4 (blue) and 8 (Red) GeV/c in the
total momentum. The vertical gray band highlights the proposed cut for the central Au+Au events,
which corresponding to 70% single electron ID efficiency.

Our studies indicate that the electron ID performance is sufficient for the beauty quarkonia mea-
surements described in Section 4.11. Meanwhile, the forward pseudo-rapidity electron ID is still
being optimized, as the details for the calorimeter towering structure are being developed.
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hadrons and     
FF: tracking

Geant 4 simulation:  single pions into full acceptance. 
•  Similar results for pions embedded in central HIJING events.
•  Multiple scattering dominated
•  Improvement due to larger outer radius of tracker

Performance - momentum resolution

10

Consistent with 
performance predicted 
by first principles 
calculation
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.
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Figure 3.25: DCA distributions in three pT bins from reconstruction of 5000 central HIJING events.
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.
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Figure 3.25: DCA distributions in three pT bins from reconstruction of 5000 central HIJING events.
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3.6 Charged Particle Tracking

As discussed in Chapter 2, the key design requirements of the tracking system are precise mo-
mentum resolution, high track reconstruction efficiency for the signals of interest, good purity
of the reconstructed tracks in central Au+Au collisions, and precise measurement of displaced
vertices. After detailed GEANT4 studies and extensive work on the tracking and pattern recognition
software, a reference design has been adopted that is capable of meeting all of the key design
requirements for the tracking system. The reference design, which incorporates seven planes of
silicon detectors, is described and its performance detailed in this section.
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Figure 3.22: (left) Present configuration of silicon tracking layers in the PHENIX VTX detector. (right)
Reconfiguration of the VTX inner two layers and additional tracking layers as described in the text.

The current PHENIX silicon vertex tracker (VTX) consists of two inner layers (pixels) at radii 2.5
and 5 cm from the beamline and two outer layers (strip-pixels) at radii of 11.8 and 16.7 cm. The
ladders comprising the current PHENIX VTX are shown in the left panel of Figure 3.22. The VTX,
combined with the outer PHENIX drift chambers (DC) and pad chambers (PC) provides good track
pattern recognition, high efficiency, and excellent displaced vertex resolution with a specification
for the distance of closest approach resolution in the transverse plane of better than 100 µm for
pT > 1 GeV/c. This resolution is exceeded even in the high occupancy Au+Au environment.

The reference configuration adds eight additional ladders to the two inner pixel layers, thus
completing azimuthal 2p coverage with the existing |h| < 1.0 coverage. In addition to the two
inner pixel layers, there will be five planes of strip detectors designed for precise momentum
measurement and pattern recognition in a high multiplicity environment. Three of those layers will
use strips of 60 µm pitch and 8 mm length, and two will use strips of 240 µm pitch and 2 mm length.
The primary purpose of the latter two strip layers is pattern recognition. Each of the two pattern
recognition layers is mounted on the same support and cooling structure as one of the longer strip
layers. The lengths of the strips in the five outer layers represent a compromise between cost and
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beam view

• Baseline tracking solution: reconfigured 
silicon vertex detector 
➡ contains existing VTX Pixels, with new 

layers for resolution & pattern recognition

• Substantial optimization of the configuration and track finding with 
full GEANT4 simulations to meet physics needs 
➡ optimization of this design & TPC option also being considered
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hep-ph/1306.0909

Ratio of RAA with/without 
collisional E-loss

Yen-Jie Lee (MIT) 22 Quark Matter 2014 

Flavor Dependence of Jet Quenching 

π 

D 

b-jet 

Indication of RAA(B) > RAA(D) > RAA(π)  at  low  pT 
 

(However, spectra slope are different) 

Indication of RAA(b-jet) ~ RAA(all jets)  
at high jet pT 

Kurt Jung   
(CMS 5/21) 

bÆJ/ψ 

b quark jet ~ inclusive jet (mainly gluon jets), contribution from gluon splitting? 

b-jet physics
• The quenching of heavy quark jets is different: 

➡ suppression of radiation at small angles 
➡ different sensitivity to radiative vs. collisional 

energy loss 

• LHC measurements of b-jet RAA are at > 80 GeV, 
consistent with light jets 
➡ full b-jets at RHIC probe needed kinematic range
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FIG. 3. The predicted jet radius R dependence of the nuclear
suppression for b-jet production in central Pb+Pb collisions
at the LHC at

√
sNN = 2.76 TeV is shown verses the jet

transverse momentum. We have chosen radii R = 0.2, 0.4, 0.7
and a coupling between the jet and the medium gmed = 2.
The upper panel only shows the effect of radiative energy loss
and the lower panel includes the collisional dissipation of the
parton shower energy in the QGP. Bands correspond to a
range of masses of the propagating system between mb and
2mb. The bottom insert shows the ratio of RAAs for radiative
+ collisional energy loss and radiative energy loss only.

is shown in the upper panel of Fig. 3 for coupling be-
tween the jet and the medium gmed = 2 (correspond-
ing to αmed

s = 0.32). We concentrate on the region of
pT > 30 GeV where hadronization corrections for b-
jets are minimal even for small radii. The jet radius
effect of jet quenching is clearly seen by comparing the
magnitude of the jet suppression for three different radii,
R = 0.2 (red solid line), R = 0.4 (blue dot-dashed line),
and R = 0.7 (light green dashed line). The bands corre-
spond to a range of masses for the collimated propagating
parent parton system (mb, 2mb). The bottom insert in
Fig. 3 shows the ration RRad.+Coll.

AA /RRad.
AA to clarify the

significance of the collisional energy loss for different b-jet
radii.
Note, that above pT = 75 GeV the mass effect disap-

pears even for 2mb = 9 GeV. This is a direct consequence
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of the fully coherent energy loss regime. For incoher-
ent bremsstrahlung, just like in QED, the mass effect
never vanishes [37]. Thus, observation of b-jet quenching
comparable to that of light jets at transverse momenta
pT > 75 GeV will constitute direct experimental evidence
for the dominance of Landau-Pomeranchuk-Migdal type
destructive interference effects in the medium-induced
parton shower formation. Below pT of 75 GeV, there is
a distinct trend toward reduction of the jet suppression.
The reason for this reduction in quenching is two-fold.
On one hand, below 75 GeV the b-quark mass starts to
play a role. On the other hand, the b-jet spectra stiffen
considerably. Finally, there is a modest pT dependence
of RAA up to transverse momenta of 300 GeV. These
features are clearly shown in Fig. 4, where a comparison
for the nuclear suppression between b-jet and light jet is
presented. The RAA for light-jet production is directly
taken from previous work [9]. The tiny difference at high
pT is smaller than the uncertainty in the treatment of
cold nuclear matter effects and collisional energy loss be-
tween these two cases.

In the lower panel of Fig. 3 we present a similar calcula-
tion but include the collisional dissipation of the medium-
induced parton shower energy in the QGP. This dissipa-
tion is evaluated as in [36], including the interference be-
tween the parent parton and the radiated gluon, and im-
plemented as thermalization of the soft gluons and trans-
port of their energy outside of the jet cone. Clearly, the
effect will be most pronounced for large radii (R = 0.7)
that contain a significant fraction of the medium-induced
parton shower. For small radii (R = 0.2) the effect is
negligible. Dissipation of the parton shower energy, of
course, still occurs. However, owing to the broad distri-
bution of the medium-induced shower, which is now ver-
ified to O((αmed

s )2) [35], this effect is negligible. There
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b-jets: distance of closest approach

• b-jets are “tagged” jet-by-jet by exploiting properties of B hadrons 
➡ proof of principle method: select jets with one or more tracks which 

do not point back to primary vertex  
• Precise measurement of distance of closest approach (DCA) required 

➡ additionally, allows D meson reconstruction without PID 

Charged Particle Tracking Detector Concept
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

310

410

mµ = 76.3 σ

 = 0.5-1.0 GeV/c
T

p

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

310

mµ = 48.8 σ

 = 1.0-2.0 GeV/c
T

p

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

mµ = 31.9 σ

 > 2.0 GeV/c
T

p

Figure 3.25: DCA distributions in three pT bins from reconstruction of 5000 central HIJING events.

84

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

jet

tracks

DCA
decreasing resolution with increasing pT

DCA resolution in GEANT

18



jet+X correlations 
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jet+X correlations

• Recent interest in “surface bias engineering” (and/or “flavor 
engineering”) to examine jets on the away side from a particular 
near-side trigger object 
➡ photons, small-cone jets, high-pT hadrons, etc. 

• Large sample of minimum bias data crucial to exploring this physics 
➡ also allows studying fake jet rejection & min. track pT cuts

The Physics Case for sPHENIX Theoretical calculations of jets at RHIC
Jet Surface Emission Engineering
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Figure 1.24: Dijet surface bias in YaJEM for various trigger definitions. As the trigger is changed
from a single hadron (left) to a reconstructed jet with a minimum pT selection on charged tracks
and electromagnetic clusters (middle) to an ideally reconstructed jet (right), the surface bias in the
production point becomes less pronounced. sPHENIX is capable of all three types of measurements.
(Based on figure taken from [99].)
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Figure 1.25: (left) Calculation in VNI parton cascade of dijet AJ with T = 0.35 GeV and as = 0.3
compared to the CMS data [57]. (right) Calculation for RHIC jet energies, ET,1 > 20 GeV, for a circular
geometry of radius 5 fm of AJ for different values of as increasing to as = 0.6 (red line) [59].

Calculation results for the dijet asymmetry AJ = (E1 � E2)/(E1 + E2) in a QGP with a temperature
appropriate for LHC collisions and fixed as = 0.3 are shown in Figure 1.25 (left panel) [57]. The jets
in the calculation are reconstructed with the anti-kT algorithm with radius parameter R = 0.5 and
then smeared by a simulated jet resolution of 100%/

p
E, and with requirements of ET1 > 120 GeV

and ET2 > 50 GeV on the leading and sub-leading jet, respectively. The calculated AJ distributions
reproduce the CMS experimental data [78].
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dijet measurements
• Dijet asymmetry measurements are 

thought to have strong sensitivity to 
descriptions of jet quenching 
➡ crucial to vary temperature, scale, 

and energy for full understanding 
• sPHENIX acceptance |η|<1.0 ample 

for high-statistics measurements
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a pseudorapidity range has an away side jet with ET > 5 GeV accepted within the same coverage.
In order to efficiently capture the away side jet, the detector should cover |h| < 1, and in order to
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Figure 1.30: AJ distributions in MARTINI+MUSIC [107] and the model of Qin et al. [102]. (left) Com-
parison of AJ calculations in MARTINI+MUSIC and by Qin et al for Pb+Pb collisions at 2.76 TeV (red
line, Qin et al; blue line, MARTINI+MUSIC). Both calculations show a similar broad AJ distribution.
(right) Same as left panel, but for Au+Au collisions at 200 GeV (with leading jet ET > 35 GeV). Here
a difference in shape is observed between the two models with the Qin et al. model developing a peak
at small AJ while the MARTINI+MUSIC calculation retains a shape in the calculation at the higher
energy.

they utilize a Next-to-Leading-Order (NLO) calculation and consider not only final-state inelastic
parton interactions in the QGP, but also initial-state cold nuclear matter effects. Figure 1.14 shown
earlier plots the dijet asymmetry AJ for jets with ET1 > 50 GeV and R = 0.6. The plots are for cases
of radiative energy loss only and including collisional energy loss as well, and then the different
colors are varying the probe-medium coupling by ±10%. There is sensitivity even to these 10%
coupling modifications, and for the higher energy jets there is a dramatic difference predicted from
the inclusion of collisional energy loss.

For the inclusive jet suppression, these calculations predict a significant jet radius R dependence
to the modification, in contrast to the result from Qin and collaborators. Figure 1.31 shows the
significant radius dependence. In addition, Vitev and collaborators hypothesize a substantial cold
nuclear matter effect of initial state parton energy loss. Because the high energy jets originate
from hard scattering of high Bjorken x partons, a modest energy loss of these partons results in
a reduction in the inclusive jet yields. At RHIC with d+Au running we will make cold nuclear
matter measurements at the same collision energy and determine the strength of these effects as a
baseline to heavy ion measurements.

Recently a framework with a hybrid strong coupling approach has been implemented with initial
success at describing specific jet quenching observables [52, 53]. Shown in Figure 1.32 are the
predicted RAA for reconstructed jets at the LHC (left) and at RHIC (right). The jet RAA shows a rise
as a function of pT at both energies, in contrast to calculations as shown in Figure 1.29 for example.
This framework enables an alternate set of predictions for a host of observables sensitive to the
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Figure 1.30: AJ distributions in MARTINI+MUSIC [107] and the model of Qin et al. [102]. (left) Com-
parison of AJ calculations in MARTINI+MUSIC and by Qin et al for Pb+Pb collisions at 2.76 TeV (red
line, Qin et al; blue line, MARTINI+MUSIC). Both calculations show a similar broad AJ distribution.
(right) Same as left panel, but for Au+Au collisions at 200 GeV (with leading jet ET > 35 GeV). Here
a difference in shape is observed between the two models with the Qin et al. model developing a peak
at small AJ while the MARTINI+MUSIC calculation retains a shape in the calculation at the higher
energy.

they utilize a Next-to-Leading-Order (NLO) calculation and consider not only final-state inelastic
parton interactions in the QGP, but also initial-state cold nuclear matter effects. Figure 1.14 shown
earlier plots the dijet asymmetry AJ for jets with ET1 > 50 GeV and R = 0.6. The plots are for cases
of radiative energy loss only and including collisional energy loss as well, and then the different
colors are varying the probe-medium coupling by ±10%. There is sensitivity even to these 10%
coupling modifications, and for the higher energy jets there is a dramatic difference predicted from
the inclusion of collisional energy loss.

For the inclusive jet suppression, these calculations predict a significant jet radius R dependence
to the modification, in contrast to the result from Qin and collaborators. Figure 1.31 shows the
significant radius dependence. In addition, Vitev and collaborators hypothesize a substantial cold
nuclear matter effect of initial state parton energy loss. Because the high energy jets originate
from hard scattering of high Bjorken x partons, a modest energy loss of these partons results in
a reduction in the inclusive jet yields. At RHIC with d+Au running we will make cold nuclear
matter measurements at the same collision energy and determine the strength of these effects as a
baseline to heavy ion measurements.

Recently a framework with a hybrid strong coupling approach has been implemented with initial
success at describing specific jet quenching observables [52, 53]. Shown in Figure 1.32 are the
predicted RAA for reconstructed jets at the LHC (left) and at RHIC (right). The jet RAA shows a rise
as a function of pT at both energies, in contrast to calculations as shown in Figure 1.29 for example.
This framework enables an alternate set of predictions for a host of observables sensitive to the
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Figure 2.2: (Left) Pseudorapidity distribution of PYTHIA jets reconstructed with the FASTJET anti-kT
and R=0.2 for different transverse energy selections. (Right) The fraction of PYTHIA events where the
leading jet is accepted into a given pseudorapidity range where the opposite side jet is also within the
acceptance. Note that the current PHENIX acceptance of |h| < 0.35 corresponds to a fraction below
30%.
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Figure 2.3: Acceptance increase for various processes (as modeled using the PYTHIA event gener-
ator) for the proposed sPHENIX barrel detector compared with the current PHENIX central arm
spectrometers.

a pseudorapidity range has an away side jet with ET > 5 GeV accepted within the same coverage.
In order to efficiently capture the away side jet, the detector should cover |h| < 1, and in order to
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Photon-jet physics
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The Physics Case for sPHENIX Direct Photons and Fragmentation Functions

1.7 Direct Photons and Fragmentation Functions

Ideally, one would like to understand how a quark or gluon of perfectly known energy interacts
traversing the quark-gluon plasma and the redistribution of energy and particles both longitudinal
and transverse to the initial parton direction. The golden channel for the calibration of initial quark
energy is to tag them via an opposing direct photon [78]. One can measure fully reconstructed jets
opposite the photon with different jet radii to parse out the transverse energy redistribution.

Figure 1.34 shows the event distribution for the ratio of the reconstructed jet energy with R =
0.3 relative to the direct photon energy [108]. As the authors note, “The steeper falling cross
sections at RHIC energies lead not only to a narrow zJ

g

distribution in p+p collisions but also to a
larger broadening end shift in

⌦
zJ

g

↵
in A+A collisions.” This results in a greater sensitivity to the

redistribution of energy, which is again sensitive to the balance of processes including radiative
and collisional energy loss. Figure 1.35 shows the jet RAA opposite a 35 GeV direct photon [108].
There is a dramatic difference between the RHIC and LHC result, where one expects a factor of
two enhancement in jets near 20 GeV in these collision systems. As detailed in the sPHENIX
performance section in Figure 4.26, with an underlying event energy a factor of 2.5 lower at RHIC
compared to the LHC, sPHENIX can reconstruct jets over a very broad range of radii and energies
opposite these direct photons.

a

s /
a

m
m

2.0(2)

Figure 1.34: Calculation results for the vacuum and medium modified distribution for direct photon
— reconstructed jet events at LHC collision energy (left) and RHIC collision energy (right) [108].

With charged particle tracking one can also measure the longitudinal redistribution of hadrons
opposite the direct photon. sPHENIX will have excellent statistical reach for such direct photon
measurements. At the same time, it is advantageous to measure modified fragmentation functions
within inclusive reconstructed jets and via correlations as well. The original predictions of jet
quenching in terms of induced forward radiation had the strongest modification in the longitudinal
distribution of hadrons from the shower (i.e., a substantial softening of the fragmentation function).
One may infer from the nuclear suppression of p

0 in central Au+Au collisions RAA ⇡ 0.2 that
the high z (large momentum fraction carried by the hadron) showers are suppressed. Shown in
Figure 1.36 is the fragmentation function for 40 GeV jets in vacuum (PYTHIA) compared with
the case of substantial jet quenching (Q-PYTHIA with a quenching factor used to match RHIC
single hadron suppression observables). In the sPHENIX upgrade, fragmentation functions via
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Figure 1.50: NLO pQCD calculations of direct photons and p

0 for RHIC and LHC. The plot on
the left shows the counts per event in Au+Au or Pb+Pb collisions (including the measured RAA
suppression factor for p

0). The upper (lower) panel on the right shows the direct g to p

0 ratio in p+p
(Au+Au or Pb+Pb) collisions, in comparison with measurements from the PHENIX experiment at
RHIC [146, 147].

reconstructed b-tagged jets).

The bottom panel of Figure 1.51, adapted from slides shown by G. Roland at the QCD Town
Meeting in September 2014, shows the statistical reach in pT for single inclusive measurements
(i.e. the RAA) and for “jet+X” correlation measurements. Although there are some pT ranges in
common between present day measurements at RHIC and the LHC, it can be seen that the higher
kinematic ranges accessed by sPHENIX (referred to in the figure as “RHIC Tomorrow”) will have
substantially more overlap with current and future LHC data in a wide variety of channels. Thus
sPHENIX in tandem with the LHC experiments will allow for a detailed set of measurements of
the same observables within the same kinematic ranges.
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High ɣ/π0 ratio at RHIC and finely 
segmented (0.025⨉0.025) EMCal 
➡ allows photon identification to low pT 
High sPHENIX rate and triggering 
allow for differential measurements

Photon-jet vs. reaction plane!
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p+Au physics 
… not just a reference system anymore
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Figure 5: Charged-particle nuclear modification factors measured by CMS in |hCM| < 1 (filled
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diction of Ref. [53]. The theoretical uncertainty is based on the EPS09 error sets. For the CMS
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hancement in the charged-particle production at high pT beyond NLO expectations, without
a corresponding increase in the jet RpPb [25, 26]. We note that the gluon-to-hadron fragmen-
tation functions are not well constrained in pp collisions at LHC energies [27], although such
uncertainties should largely cancel in ratios of cross sections.

5 Summary

Charged-particle spectra have been measured in pPb collisions at psNN = 5.02 TeV in the trans-
verse momentum range of 0.4 < pT < 120 GeV/c for pseudorapidities up to |hCM| = 1.8. The
forward-backward yield asymmetry has been measured as a function of pT for three bins in hCM.
At pT < 10 GeV/c, the charged-particle production is enhanced in the direction of the Pb beam,
in qualitative agreement with nuclear shadowing expectations. The nuclear modification factor
at mid-rapidity, relative to a reference spectrum interpolated from pp measurements at lower
and higher collision energies, rises above unity at high pT reaching an R⇤

pPb value of 1.3–1.4 at
pT & 40 GeV/c. The observed enhancement is larger than expected from NLO pQCD predic-
tions that include antishadowing effects in the nuclear PDFs in this kinematic range. Future
direct measurement of the spectra of jets and charged particles in pp collisions at a center-of-
mass energy of 5.02 TeV is necessary to better constrain the fragmentation functions and also
to reduce the dominant systematic uncertainties in the charged-particle nuclear modification
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Figure 4: Single cross section ratios U(2S)/U(1S) for |yCM| < 1.93 versus (left) transverse energy
measured at 4.0 < |h| < 5.2 and (right) charged-particle multiplicity measured in |h| < 2.4,
for pp collisions at

p
s = 2.76 TeV (open circles) and pPb collisions at psNN = 5.02 TeV (closed

circles). Both figures also include the U(2S)/U(1S) ratios for |yCM| < 2.4 measured in PbPb
collisions at psNN = 2.76 TeV (open stars). The error bars in the figures indicate the statistical
uncertainties, and the boxes represent the point-to-point systematic uncertainties. The global
uncertainties of the results are 7%, 8%, and 8% for the pp, pPb, and PbPb, respectively. The
results are available in tabulated form in Tables 4 and 6, with binning information provided in
Tables 3 and 6.

For comparison, similarly corrected PbPb ratios, U(2S)/U(1S), are computed from the double
ratios presented in Ref. [2] versus percentiles of transverse energy deposited in the HF in the
2.9 < |h| < 5.2 range, which define the centrality of the PbPb event. The point-to-point sys-
tematic uncertainties are obtained as described in Ref. [2] and are in the range 13–85% across
all bins, while the 8% global uncertainty is calculated as for the activity-integrated results de-
scribed above. The statistical uncertainty ranges from 24% to 139%. Because there is a relatively
strong correlation between the charged-particle multiplicity and the transverse energy in PbPb
collisions, the results reported here are not obtained by repeating the analysis as a function of
N|h|<2.4

tracks , but by estimating, in the dimuon sample, the corresponding N|h|<2.4
tracks value for each of

the HF energy-binned results [2]. The estimation is done using a low-multiplicity PbPb sample
reconstructed with the same reconstruction algorithm as the pp and pPb data, and the pub-
lished PbPb pT charged-track distribution [38] to account for the change in pT shape between
different PbPb event activity categories. Although the full HF acceptance is used for the cen-
trality selection in PbPb, the plotted transverse energy is scaled to the same pseudorapidity
coverage as the pp and pPb datasets (4.0 < |h| < 5.2) using the results in Ref. [39].

In Fig. 4, the U(2S)/U(1S) ratios from the three collision systems are plotted versus E|h|>4
T in the

left panel, and versus N|h|<2.4
tracks in the right panel. A logarithmic x-axis scale is chosen to allow

displaying the three systems together. The relatively wide most peripheral (50–100%) PbPb bin
has little overlap with the highest-multiplicity pPb bin, preventing a direct comparison of the
two systems at the same event activity. It should be noted that, within (large) uncertainties, the
PbPb centrality dependence is not pronounced [2] and that all pp and pPb ratios are far above
the PbPb activity-integrated ratio, shown in the right panel of Fig. 2.

sPHENIX is capable of exploring novel 
phenomena in p+Au collisions  
➡ Enhancement in high-pT charged 

particles 
➡ Scaling of jet centrality dependence 

with proton Bjorken-x  
➡ Multiplicity-dependent suppression of 
ϒ(2S)/ϒ(1S) in all systems

nucl-ex/1312.6300
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Physics drivers for design
DAQ Rate 

Trigger Capability 

Hadronic Calorimeter 

EM Calorimeter 

Tracking: precision 

Tracking: resolution 

Acceptance

pp and p+Au references  
High statistics 
Jets  
Upsilons 
b-jets  
Hadrons & FF’s 
Photons 
Dijets, jet+X

… not to mention cost and schedule considerations
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+ Review Committee guidance


